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ABSTRACT: (NaxKy)FezSe2 crystals are prepared by Na, Fe, and Se as starting materials in 
NaCl/KCl flux at low temperatures~720 °C. It is found that K is more preferred than Na to enter 
in between FeSe layers and forms the phase. Thus-obtained crystals contain more 
 2 
superconducting phase in volume fraction and exhibit new features in transport property. Our 
results provide a promising new synthetic route for preparing quality crystals of iron selenide 
superconductors. 
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1. Introduction 
Since the discovery of high temperature superconductivity in cuprate [1], many new families 
of layered superconductors have been discovered [2-4]. The very new member of these families 
is metal-intercalated iron selenides, like KxFe2Se2 [5], Cs0.8(FeSe0.98)2 [6], RbxFeySe2 [7], 
Tl0.58Rb0.42Fe1.72Se2 [8], and (Tl,K)FexSe2 [9]. Compared to their iron pnictide counterparts, these 
superconductors display several remarkably distinct structural and physical characteristics. It was 
demonstrated by angle-resolved photoemission spectroscopy (ARPES) that there are only 
electron Fermi surfaces observed at the Brillouin zone corners while the hole bands at the center 
of the Brillouin zone sink below the Fermi level (EF) [10-13], unlike other iron-based 
superconductors with both electron and hole Fermi surfaces locating at the Brillouin zone 
corners and center, respectively [14,15]. Single crystal X-ray diffraction [16] and scanning 
tunneling microscope [17] measurements indicated that the main phases have 155   
superstructures (insulating phases). Neutron diffraction further revealed that the Fe vacancies 
order to form supercells above 500 K and then antiferromagnetic order at a little bit lower 
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temperatures with large magnetic moments of about 3.3 μB/Fe at 10 K [18,19]. However, the 
presence of phase separations in the materials evidenced by various techniques [20-24] severely 
thwarts the attempts to unambiguously identify the superconducting (SC) phases and to 
understand the underlying mechanisms. Moreover, the occasionally observed 44 K SC transition 
further complicated the issue [25]. Many efforts have been devoted to obtain phase-pure or SC-
dominated single crystals, such as self-flux method [25-27] and optical floating zone technique 
[28]. Recently, we succeeded in synthesizing a series of superconductors AxFe2Se2(NH3)y (A = 
Li, Na, K, Ba, Sr, Ca, Eu, and Yb) with transition temperatures (Tcs) of 30~46 K and clarifying 
the SC phases in K-Fe-Se system via a liquid ammonia route [29,30], which imply that low 
temperature is an alternative for preventing the phase separation. The shortage of this route, 
however, is difficult to obtain single crystal of SC phase. Here we report a new approach to grow 
iron selenide superconductors by flux method at relatively low temperature of 720 °C, much 
lower than the temperatures (~1040 °C) by high-temperature melting method. The flux 
consisting of NaCl and KCl effectively lowers the melting point of the system. Thus-obtained 
crystals contain both Na and K, though K dominates, and exhibit new features in transport 
property for higher volume fraction of SC phase. 
2. Experimental section 
Previously, NaCl/KCl, KCl, LiCl/CsCl, and KCl/AlCl3 were used as flux to grow FeSe single 
crystals [31-36]. In this study, we choose NaCl/KCl as flux and elements Na, Fe, and Se as the 
starting materials. Na piece, Fe powder, Se powder, NaCl and KCl powders with predetermined 
molar ratios were loaded into alumina crucibles. The NaCl/KCl/NamFenSe2 ratio was 10:10:1. 
NaCl and KCl powders were heated to 130 °C and kept 24 h prior to loading into the alumina 
crucibles to eliminate the moisture. The alumina crucibles were sealed within the evacuated 
quartz ampoules partially backfilled with high-purity argon. The ampoules were loaded into a 
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Muffle furnace and slowly raised to 720 °C and kept for 30 h. Then the ampoules were cooled at 
0.5 °C/h from 720 °C to 650 °C and then held at 650 °C for 50 h. At last, they were furnace 
cooled to room temperature. The ampoules were broken in glove box and crystals embedded in 
the solution were separated. The crystal morphology and composition were characterized by 
optical microscopy, scanning electron microscopy (SEM, Hitachi S-4800) equipped with an 
energy dispersive X-ray (EDX) spectrometer, and inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES). X-ray diffraction (XRD) was performed at room temperature using a 
PANalytical X’Pert PRO diffractometer equipped with a graphite monochromator utilizing Cu 
Kα radiation (40 kV, 40 mA). Rietveld refinements were performed with the FULLPROF 
package [37]. The magnetic properties of accurately weighed sample in a gelatin capsule were 
characterized in DC field of 40 Oe in the temperature ranging from 5 to 300 K using a vibrating 
sample magnetometer (VSM, Quantum Design) which features a sensitivity of 10
-7
 emu. The 
electrical resistance was measured by four probe method using the physical property 
measurement system (PPMS, Quantum Design). The ARPES measurements were performed 
using a VG-Scienta R4000 electron analyzer with the He Iα (hν = 21.2 eV) resonance line. The 
angular resolution was set to 0.2° and the energy resolution to 10 and 25 meV for band structure 
and Fermi surface mapping respectively. The sample was cleaved in-situ and measured at 10 K 
under vacuum better than 5×10
-11
 torr. 
3. Results and discussion 
The inset to Figure 1 shows the optical image of the as-prepared crystal embedded in the 
solution. The crystal exhibits a plate-like morphology with a shining surface. The compositions 
of washed samples grown from different nominal compositions are characterized by ICP-AES 
and listed in Table 1. The measurements reveal that K has a much higher concentration in 
crystals than Na. Figure 2(a) shows the typical SEM image of (Na0.16K0.70)Fe1.72Se2 crystal with 
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SC stripes embedded in insulating background. The EDX results (Figure 2(b) and (c)) reveal that 
the Na/K ratio and iron content are relatively higher in SC stripes while the total amount of 
(Na+K) is less than that of the background. From Figure 2(c), we can see the Na’s concentration 
in SC stripes is about 1% higher than that of insulating background for these randomly selected 
points. We performed the EDX mapping of Na on SC stripes and insulating background, but the 
data are quite scattered. The reason is not clear. The XRD pattern of (Na0.16K0.70)Fe1.72Se2 crystal, 
as shown in Figure 1, is dominated by the (00ℓ) (ℓ = 2n) reflections, revealing the surface of the 
crystal is perpendicular to crystallographic c axis.  The reflections marked by asterisk are 
assigned to the SC phase as its lattice constant c is a little bit larger than that of the insulating 
phase [24]. The powder XRD pattern (Figure 1S) of crushed crystals with composition of 
(Na0.18K0.66)Fe1.68Se2 was refined based on a multi-phase scenario, i.e., SC phase coexisting with 
insulating phase and a tiny fraction of flux by using the Rietveld method. Only the structural 
parameters of SC phase are refined while the insulating phase’s and flux’s parameters are fixed 
as their structures are well known. The refined lattice parameters of SC phase are a = 3.8924(6) 
Å, c = 14.111(3) Å and V = 214.80(6) Å
3
. All crystallographic data are summarized in Table 1S. 
A surprising result is that the product crystals are K rich and Na poor in composition though no 
metal K in the starting materials. We presume that KCl is reduced to metallic K through reaction 
(1) at temperatures not higher than 720 °C. The metallic K then enters in between FeSe layers 
and finally crystallizes into (NaxKy)FezSe2 crystals. 
KCl(l) + Na(l) ⇋ NaCl(l) + K(l)    (1) 
 KCl(l) + Na(l) ⇋ NaCl(l) + K(g)   (2) 
It is known that only at above 850 °C, K ion can be reduced to metallic K by Na through reaction 
(2). This is due to that liquid K gasifies beyond its boiling point and leaves the system, tipping 
the equilibrium of reaction (2) and makes the reduction reaction to complete. In the present case, 
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the driven force of reaction (1) comes from liquid K consuming by its intercalation in between 
FeSe layers, which is an energy-favored process. On the other hand, Na is found to be difficult to 
insert into FeSe layers and form the compound with a body-centered tetragonal structure at 
relative high temperatures due to the instability of lattice dynamics based on our experimental 
results and first-principles calculations. This explains why K is much more preferred than Na to 
enter into FeSe layers. An alternative interpretation is that elemental Na, Se, and Fe are likely to 
react first and form metastable Na-Fe-Se ternary compounds. Then the ternary compounds 
dissolve in the melting chlorides and (NaxKy)FezSe2 crystals finally crystallize upon cooling. We 
tried K as the starting material instead of Na, but with no discernible crystals identified in 
products. At present, the reason is not clear. 
We examined the superconductivity in the obtained crystals. The magnetization of 
(Na0.16K0.70)Fe1.72Se2 with temperature ranging from 5 to 80 K is shown in Figure 3. The external 
applied magnetic field was set perpendicular to the plane of the crystal. The zero field cooling 
(ZFC) magnetization vs temperature curve reveals that (Na0.16K0.70)Fe1.72Se2 grown from 
NaCl/KCl flux exhibits superconductivity with Tc
onset
 = 29 K. The estimated SC shielding 
fraction is about 62% at 10 K. The M-H curve at 5 K (inset of Figure 3) indicates a typical 
feature of Type-II superconductor. The lower critical magnetic field (Hc1) is estimated to be 
around 0.2 T. In-plane electrical resistance vs temperature plot of (Na0.16K0.70)Fe1.72Se2 is shown 
in Figure 4, further confirming the SC phase coexists with the insulating phase. The curve first 
exhibits semiconducting behaviour at temperatures above 212 K and a large hump centered at 
around this temperature (TH), which is twice as high as that (105 K) of K0.8Fe2Se2 [5]. Below TH, 
the curve displaying metallic behaviour shows a SC transition at 29.5 K and reaches zero 
resistance at 27.4 K (shown in the inset). The substitution of cation has little effect on the SC 
transition temperature, in contrast to (Ba1-xKx)Fe2As2 and so on [38,39]. Following the model 
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proposed by Shoemaker et al. [24], we fitted the resistance above Tc
onset
 against temperature very 
well using equation (3). n =2.238 and Eg = 107 meV are obtained. 
1
Rtotal
 =  1 R1
 + 1 R2
 =  1  R 0 + ATn  + R0
−1e−
E g
2kT     (3) 
Where R(0), A, and R0 are constants that depend on phase fractions and geometry of SC phase 
and insulating phase. The TH more than two times higher than 105 K can be interpreted by an 
increase of volume fraction of the SC phase, which is consistent with the estimated 
superconductive shielding fraction. This enhanced SC phase/insulating phase ratio can be 
attributed to the lower growth temperature that is helpful to restrain the formation of insulating 
phase to some extent. 
Figure 5 shows the photoemission intensity maps at the Fermi level (EF) and the band 
dispersions along -M for (Na0.16K0.70)Fe1.72Se2. As shown in Figure 5(a), the Fermi surface 
which is defined by the high intensity region includes a nearly circular electron-like pocket 
centered at each Brillouin zone corner M point. There is no Fermi surface pocket opening found 
at Brillouin zone center  but some spectral weight that comes from the tail of the electron-like 
band bottom which sits closely above EF at the kz where the detecting photon energy 21.2 eV 
corresponds to. This upper electron-like band was predicted by the local-density-approximation 
(LDA) calculation on the similar material (K,Cs)xFe2Se2 [40], and with a significant kz dispersion 
it opens as a pocket at kz = π. This kz dispersion has been proved in the studies of K0.8Fe2Se2 [11] 
and (Tl,K)Fe1.78Se2 [13] by the photon energy dependent ARPES, where one maps the band 
dispersion along kz by tuning the photon energy. The diameter of the circular electron-like Fermi 
surface pocket is about 0.552π/a, corresponding to 6.0% of the Brillouin zone area. From the 
LDA calculation on (K,Cs)xFe2Se2 [40] and all the previous ARPES measurements on other iron-
based superconductors [41], two nearly degenerate electron-like pockets centered at M are 
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suggested. Regarding the crystal structure of (Na0.16K0.70)Fe1.72Se2 is quite similar as that of 
(K,Cs)xFe2Se2 [40], it is reasonable to assume that the observed electron-like pockets are actually 
two which overlap with each other due to the degeneracy. This assumption also have been 
proposed in previous ARPES on K0.8Fe2Se2 [10,11]. Thus the overall electron concentration is 
estimated to be about 0.12 per Fe atom, if ignores the contribution from the trace of the electron-
like band weight at Γ, which is reasonable from the point of optimal doping view. 
The band dispersions are further revealed in Figure 5(b)-(e), where (b)/(d) shows the intensity 
plot for the cuts passing through the Brillouin zone center-Γ/corner-M along Γ-M direction, 
respectively, and (c)/(e) displays the corresponding momentum-distribution-curves (MDCs) to 
(b)/(d). In Figure 5(b), close to EF, a bit spectral weight coming from the upper electron-like 
band named as discussed above is observed at Γ. Meanwhile, a hole-like band named  with 
band top at around 80 meV below EF is also found. These band features are more clearly to see 
in the MDCs in Figure 5(c). In contrast to the Γ point, an electron-like band is clearly seen 
crossing EF passing through the M point with its bottom sitting at about 55 meV below EF as 
shown in the intensity plot in Figure 5(d) and the MDCs in Figure 5(e). It should be pointed out 
that despite we examine the Fermi surface and the band dispersions very carefully, no folded 
band structures corresponding to the 155   superstructure, which is claimed to be related to the 
insulating phase [42], is found in the recorded energy within 200 meV below the EF. It is 
reported by the ARPES study on KxFe2-ySe2 [42], with a systematic review on the band structure 
of different phases at different temperatures, the valence band of the insulating phase is sitting 
far away (> 500 meV) below the EF and mainly contributes to the higher banding-energy 
density-of-states (DOS), while the SC phase mainly contribute to the lower energy DOS from 
400 meV to EF. From the similar band structure point of view, we believe that the observed band 
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dispersions in this study only represents the low energy band structure of the SC phase for the as 
grown (Na0.16K0.70)Fe1.72Se2 sample thus does not show the 155   order. 
4. Conclusions 
In conclusion, we prepare (NaxKy)FezSe2 crystals with different compositions using NaCl/KCl 
flux at relatively low temperatures. The obtained crystals contain more SC phase in volume 
fraction and exhibit new features in transport property. These results imply the potential of flux 
method as an effective route for the preparation of single crystals of iron selenide 
superconductors. 
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Table 1. Composition and Tc
onset
 of SC (NaxKy)FezSe2 crystals 
Nominal composition Composition by ICP-AES Tc
onset
 (K) 
Na0.75Fe1.75Se2 (Na0.16(1)K0.70(1))Fe1.72(3)Se2.00(4) 29 
Na0.75Fe1.75Se2 (Na0.18(1)K0.66(1))Fe1.68(3)Se2.00(4) 32 
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Figure 1. The XRD pattern of crystal with composition of (Na0.16K0.70)Fe1.72Se2. The reflections 
marked by asterisk are assigned to the SC phase. The inset shows the optical image of the as-
prepared crystal embedded in the solution. 
Figure 2. The SEM image and EDX results of freshly cleaved (Na0.16K0.70)Fe1.72Se2 crystal. (a) 
Typical SEM image of (Na0.16K0.70)Fe1.72Se2 crystal with SC stripes embedded in insulating 
background. (b) EDX results of Fe content vs (Na+K) content for SC stripes and background, 
respectively. (c) EDX results of K content vs Na content for SC stripes and background, 
respectively.  
Figure 3. The magnetization of (Na0.16K0.70)Fe1.72Se2 crystal as a function of temperature ranging 
from 5 to 80 K with H parallel to c axis. The inset shows the magnetic hysteresis measured at 5 
K. 
Figure 4. The temperature-dependent electrical resistance of (Na0.16K0.70)Fe1.72Se2 crystal. The 
resistance for K0.8Fe2Se2 [5] that was obtained by high-temperature route is also included for 
comparison. Humps are marked with arrows. Inset shows the enlargement of the low temperature 
region. Tc
onset
 could be clearly observed at 29.5 K and Tc
zero
 at 27.4 K. The resistance above 
Tc
onset
 is fitted following the model proposed by Shoemaker and co-workers [24].  
Figure 5. The Fermi surface and in-plane electronic band dispersion of (Na0.16K0.70)Fe1.72Se2 
recorded by ARPES with 21.2 eV photons from a helium discharge lamp along high symmetry 
lines. (a) Fermi surface displayed in the notation of 2 Fe/unit cell, with the corresponding 
Brillouin zone delimited by the dashed square. The intensity was integrated within ±25 meV 
with respect to EF. (b)(c) ARPES intensity and MDCs plot recorded along “cut 1” in Fermi 
surface in (a), respectively. (d)(e) The same as (b)(c), but recorded along “cut 2” in Fermi 
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surface in (a). The blue dashed line in (b) and purple dashed line in (d) are guides to the eyes for 
the main band dispersions, whereas the blue dotted line in (c) and purple dotted line in (e) refer 
to the corresponding bands picked up from the MDCs, respectively. 
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